Two flavones, apigenin and tangeretin, were studied for their ability to modulate gap junctional intercellular communication (GJIC) in the rat liver epithelial cell line REL. Their cytotoxicity was first determined by cell density and neutral red uptake assays: neither apigenin nor tangeretin are cytotoxic at 10 and 25 |iM, the concentrations used in our experiments. We then studied GJIC using the dye transfer assay and we observed that both apigenin and tangeretin enhance it, the maximum stimulation (X 1.7-1.8) being achieved at 25 ^M for 24 h. When the dye transfer was enhanced, the amount of connexin 43 increased, which was demonstrated by Western blot and immunofluorescence analysis. For apigenin only, Northern blot analysis showed an accumulation of connexin 43 mRNA. In addition, the incubation of REL cells with the two compounds, for 1 or 24 h, prevented the inhibition of dye transfer by 12-0-tetradecanoylphorbol-13-acetate (1 or 10 ng/ml). The enhancement of GJIC by apigenin could be one of the major mechanisms responsible for apigenin's anti-tumour promoting action in vivo. As for tangeretin, its capacity to enhance GJIC completes its potential protective properties towards the post-initiation process.
Introduction
Gap junctions are membrane channels that permit the direct diffusion of ions, small metabolites and second messengers between adjacent cells (1). They are protein structures constituted of six subunits called connexins (2) . Their function can be regulated at the different levels of connexin expression, assembly, gating, internalization and degradation (3, 4) . Gap junctional intercellular communication (GJIC*) seems to be an important mechanism controlling cellular homeostasis, proliferation and differentiation (5) . It can be modulated (inhibited or stimulated) by endogenous and exogenous agents. Many compounds, including tumour promoters, inhibit GJIC (6) (7) (8) (9) . Conversely, a few compounds, like some retinoids and carotenoids (10) (11) (12) , dexamethasone (13) and nickel (14) , were found to stimulate it. However, opposite effects were also
•Abbreviations: GJIC, gap junctional intercellular communication; TPA, 12-O-tetradecanoylphorbol-13-acetate; FCS, fetal calf serum; DMSO, dimethyl sulfoxide; IC, inhibiting concentration; PBS, phosphate-buffered saline; SDS, sodium dodecyl sulfate; TBS, Tris-buffered saline; BSA, bovine serum albumin.
observed with retinoids and nickel in other experimental conditions (10, 11, 15) .
Among the numerous and various flavonoids, plant polyphenolic compounds which can be found in the diet (16, 17) , only quercetin and green tea extracts have been studied for their ability to modulate GJIC in vitro. Quercetin had no effect by itself on the metabolic cooperation of Chinese hamster V79 lung fibroblasts (18) . Green tea extracts did not change the dye transfer in mouse hepatocytes (19, 20) , WB-F344 rat liver epithelial cells (21) or human keratinocytes (19) . Yet these studies showed that they could prevent the inhibition of GJIC by various tumour promoters. These antagonistic effects could be related to in vivo anti-tumour promoting actions reported for some flavonoids. Quercetin (22) , as well as kaempferol (23) and apigenin (24) , suppressed the tumour promoting effect of 12-0-tetradecanoylphorbol-13-acetate (TPA) on mouse skin when applied topically. Nevertheless, when administered per os, it had no significant inhibiting effect towards the tumour promoting actions of teleocidin on mouse skin (25) and DDT in rat liver (26) . Recently, it has been observed that green tea catechins reduced small intestinal tumours in rat multi-organ carcinogenesis (27) .
So, the only results available on GJIC modulation by flavonoids concern a flavonol and some catechins. To complete these data we studied the action of two flavones, apigenin and tangeretin, alone or in combination with TPA, on GJIC of a rat liver epithelial cell line isolated in our laboratory (named REL). Apigenin was chosen for the reason mentioned above, i.e. it antagonized the promoting effect of TPA in mouse skin (24) . Tangeretin deserves attention because (i) it represents a naturally-occurring polymethoxylated class of flavonoids and (ii) it shows marked anti-invasive effects in vitro (28) . To study GJIC at the functional level, we used the dye transfer assay, which allows the detection of both stimulating and inhibiting effects of modulators (11) . We also investigated their effects on the regulation of connexin 43, the main connexin expressed in this cell system.
Materials and methods

Chemicals
Ham's F10 medium, fetal calf serum (FCS), antibiotics and L-glutamine, were purchased from Flow Laboratories (Irvine, UK). Apigenin, lucifer yellow CH, dimethyl sulfoxide (DMSO) and TPA were obtained from Sigma Chemical Co (St Louis, MO) and tangeretin from Extrasynthese (Genay, France).
Cell culture REL cells were cloned from a rat liver epithelial cell line which had been isolated as previously described (29) . They were grown in Ham's FI0 medium supplemented with 10% FCS, 2 mM L-glutamine, 100 Ul/ml penicillin, 100 |lg/ml streptomycin and 10 Hg/ml gentamycin at 37°C in a humidified atmosphere containing 5% CO2.
We dissolved apigenin and tangeretin in DMSO and added them to pure FCS to prevent their adsorption on flasks. The complete media were sonicated and stored in silicone-coated flasks (Ventron, Germany). TPA dissolved in DMSO was directly added to the medium to reach 1 or 10 ng/ml concentrations I h before microinjection. All studies, cytotoxicity, microinjection, Northern blot, Western blot and immunofluorescence, were determined at cell subconfluency after the same time of culture. Cells (4XI0 3 ) for each treatment were plated in duplicate in a 35 mm Petri dish. Twenty-four hours after plating the medium was replaced by the complete medium containing apigenin or tangeretin or DMSO alone (0.1%) for an additional 24 h incubation.
Only for the first kinetic study of dye transfer were 1.5 X 10 5 cells plated for each treatment and the molecules added 48, 24 or 4 h before rrucroinjection. As 0.1% DMSO had no effect on GJIC and all plates were microinjected at the same time (3 days after plating), a common control could be taken for the different treatments, i.e. 0.1% DMSO, 48 h.
Cytotoxicity assays
For GJIC studies, both fiavonoids had to be tested at concentrations inducing no cytotoxic effects nor reduction in cell density, which influences the ability of cells to communicate. A concentration reducing by at least 25% (inhibiting concentration, ICy) either cell density or neutral red uptake was considered as cytotoxic. Cytotoxicity was determined in two separate experiments.
Cell density determination
For each treatment, cells from three separate Petri dishes were counted with a Coulter counter-channelizer (Coultronics) 48 h after plating.
Neutral red uptake assay (30) For each treatment, incorporation of neutral red was measured in eight wells from two different 96-well microplates 48 h after plating 9X10 5 cells/well. The cells were treated for 24 h with a control or a flavonoid-containing medium and then maintained for 3 h at 37°C with the neutral red solution (50 Hg/ml) (Sigma, St Louis, MO) in the culture medium. They were then washed 3 times with warm phosphate-buffered saline (PBS) (37°C) and fixed with destain solution (1% glacial acetic acid, 50% ethanol, 49% distilled water). The neutral red uptake was finally quantified by spectrophotometry at 540 nm..
Dye transfer
We used the protocol described by Enomoto et at. (31) . Confluent cells from two separate dishes were microinjected with a 5% (w/v) solution of lucifer yellow CH in 0.33 M lithium chloride by means of a glass capillary needle (Clark Electromedical Instruments) prepared with an automatic puller (Narishige, Tokyo, Japan). Randomly chosen cells were impaled at a site close to the nucleus and the dye was injected continuously for 1 s under nitrogen gas pressure (200-300 hPa) with an Eppendorf microinjector (Hamburg, Germany). The transfer of lucifer yellow to surrounding cells was monitored under an Olympus IMT2 phase contrast microscope (Tokyo, Japan) equipped with an epifluorescent system. The intercellular transfer of the dye was determined by counting the number of fluorescent cells. To defer scoring, cells were fixed 10 min after the last injection with 10% formaldehyde (diluted in culture medium).
Data were examined by an analysis of variance (ANOVA) with two factors (experiment and treatment). The means were compared by Scheffe's method of multiple comparison using the appropriate program S-plus.
Western blot analysis
Cells were washed twice with PBS and scraped off into 2X sample buffer (IX sample buffer, 50 mM Tris-HCl, 2% sodium dodecyl sulfate (SDS)).
After sonication, lysates were assayed for protein quantitation by the Lowry method (32). P-Mercaptoethanol at a final concentration of 5% and 0.1% bromophenol blue were added to the samples. Protein (25 Hg per well) was submitted to electrophoresis in a 12.5% SDS-polyacrylamide gel and then transferred to a nitrocellulose membrane (Schleicher and Schuell, Keene, NH) at 55 V for 2 h at 4°C, using a mini electroblotting apparatus (Biorad, Richmond, CA).
The membranes were stained with Ponceau S (Fluka, Buck, Switzerland) to control the homogeneity of protein transfer and blocked for 4 h with 5% skimmed milk powder in Tris-buffered saline (TBS) containing 50 mM TrisHCl and 200 mM NaCl, pH 7.4. They were then incubated overnight at 4°C with rabbit anti-connexin 43 serum (1/500), kindly provided by Dr O.Traub (Bonn Universitat, Germany). After that, they were washed three times in TBS buffer containing 0.1% nonidet P-W (Sigma, St Louis, MO) for 15 min at room temperature, probed with 50 nCi/ml l25 I-labelled protein A (Amersham, UK), extensively washed again and submitted to autoradiography.
Western blot analysis was repeated on extracts from four independent cultures.
Immunofluoresccnce
After two washes in PBS containing 0.2% bovine serum albumin (BSA), confluent cells grown on thin glass plates were fixed with cold acetone for 2 min at -20°C, washed three times in PBS/0.2% BSA and prehybridized for 1 h in PBS/2% BSA. Non-specific binding of biotin/avidin was blocked with a blocking kit (Vector laboratories, Burlingame, CA). Then the cells were incubated with rabbit connexin 43 antibody (1/100) in PBS/2% BSA overnight at 4°C. After a 10 min wash, fixed cells were incubated with biotinylated anti-rabbit IgG 1/200 (Vector Laboratories, Burlingame, CA) and reactive sites were revealed with extrAvidin-fluorescein isothiocyanate (1/100) (Sigma, St Louis, MO).
After three washes in PBS/0.2% BSA and one in 0.1 M Tris (pH 8.8)-5% sodium azoture (1:1 v/v), the thin plates were mounted on slides in a mixture of Mowiol V4-88 (Hoechst, Frankfurt, Germany) and n-propyl gallate (Sigma, St Louis, MO) and observed under a Polyvar fluorescent microscope (Reichert Jung, Vienna, Austria).
Immunofluorescence was analysed on four independent cultures.
RNA isolation and Northern blot analysis
The cell cultures were washed twice in PBS and total RNAs were isolated by the guanidium thiocyanate procedure (33) . For Northern blot analysis, denaturated RNAs (10 ng) were separated in 1 % agarose-2.2 M formaldehyde gels and then transferred to Hybond-N nylon membranes (Amersham, UK). Blots were prehybridized for 4 h at 42°C in 5X Denhardt's solution, 50% formamide,0.1%SDS,5X SSPE(1XSSPE, 150mM NaCl, lOmM NaH 2 PO 4 , 1 mM EDTA, pH 7.4), 250 Hg/ml denatured herring sperm DNA and hybridized with 32 P-labelled cDNA of connexin 43 cloned by Beyer and kindly provided by H.Yamasaki (34) . cDNA was labelled with a DNA multiprime labelling kit (Amersham, UK). The sp. act. of the probe was -10 9 c.p.mJug. Blots were hybridized overnight at 42°C. Then, after three washes in 2X SSPE at room temperature for 10 min and a wash respectively •Mean ± SD of three dishes. ""Ratio of cell number in treated dishesX 100/ceIl number in control dishes.°M ean ± SD of 16 wells. d Ratio of optical density in treated dishes XlOO/optical density in control dishes. Cytotoxic effect.
in IX SSPE, 0.5X SSPE and 0.1 X SSPE at 65°C for 30 min, blots were exposed to Kodak Omat AR film at -70°C using double intensifying screens.
Northern blot analysis was repeated on extracts from four independent cultures.
Results
Cytotoxicity of apigenin and tangeretin
Before studying GJIC, we evaluated the cytotoxicity of apigenin and tangeretin by two complementary assays: cell density and neutral red uptake. For each molecule, similar results were obtained with the two assays (Table I) : up to 25 |iM apigenin is neutral, between 25 and 50 |iM it has a cytostatic effect and beyond 50 LiM it is cytotoxic. Up to 100 |iM tangeretin is not cytotoxic.
As the cell density of a monolayer influences the capacity Table II . Kinetic study of apigenin and tangeretin effects on dye transfer of cells to come into contact and to communicate, it must be prevented from decreasing too much. The concentration causing 25% inhibition (IC25) of cell density is 40 uM for apigenin and 100 U. M for tangeretin. Therefore, the concentrations 10 ^M and 25 p.M for both apigenin and tangeretin can be used in further GJIC studies.
Stimulation of intercellular communication by apigenin and tangeretin
The effects of apigenin and tangeretin on GJIC of REL cells were studied at 4, 24 and 48 h treatment (Table II) . Both increase the dye transfer in a dose-response manner. The maximal stimulation is obtained after 24 h. Figure 1 illustrates the stimulation of dye transfer in a cell monolayer treated with 25 ^M apigenin for 24 h ( Figure IB ) as compared to control cells ( Figure 1A) .
Furthermore, numerous independent experiments, focusing on 24 h incubations, were performed to estimate the mean stimulation factor and to analyse the distribution of the number of dye-coupled cells. The average number of dye-coupled cells per microinjection is significantly higher for flavonoid-treated cells as compared to control cells (P < 0.001). The mean stimulation factors are 1.8 ± 0.1 for apigenin and 1.7 ± 0.2 for tangeretin, at a concentration of 25 (iM (Table III) .
The control population is distributed between classes 60 and 200 (Figure 2A ) and the treated population between 100 and 300 ( Figure 2B ).
Effects of apigenin and tangeretin on the expression of connexin 43 and corresponding mRNA
The effects of apigenin and tangeretin on the amount of connexin 43 were determined by Western blot analysis after 24 h treatment (Figure 3 ). Compared to untreated cells, the treated cells present a higher amount of connexin 43 detected with a specific antibody, especially with 25 U. M apigenin. As shown by immunofluorescence micrographs (Figure 4A ), connexin 43 is located in cell-cell contact regions as expected. When cells are treated for 24 h with 25 \\M apigenin, the specific staining is enhanced and mainly located in plasma membranes ( Figure 4B ), whereas a moderate signal increase is observed with 10 (jM apigenin and 10 or 25 U. M tangeretin (results not shown). Thus, these results are consistent with those of the Western blot.
Then, connexin 43 mRNA was compared in treated and untreated cells by Northern blot analysis ( Figure 5 ). It clearly increased only with total RNA extracted from 25 |iM apigenintreated cells. Results are means + SD of three independent experiments.
•For each treatment, the percentage of inhibition of dye transfer is calculated using the corresponding control (without TPA).
•"Sub-confluent REL cells were treated with TPA for 1 h before microinjection.
Apigenin and tangeretin prevent the inhibition of dye transfer by TPA
The effects of treatment with apigenin or tangeretin, for 1 h or 24 h, on the inhibition of intercellular communication by TPA were studied using the dye transfer assay (Table IV) . As expected, 1 ng/ml TPA for 1 h reduces the number of dye-coupled cells by half and the inhibition is almost complete with 10 ng/ml TPA.
Both flavonoids at 25 |iM, particularly tangeretin, markedly antagonize TPA-induced inhibition of dye transfer. They almost completely abolish the inhibitory action of 1 ng/ml TPA. As for 10 ng/ml TPA, apigenin and tangeretin also have antagonistic effects, especially when co-administered with TPA for 1 h.
Discussion
To our knowledge, our results are the first to demonstrate enhancement of intercellular communication by flavonoids alone. They were obtained with REL cells, which, among the different rat liver epithelial cells we tested, are particularly responsive to stimulation of GJIC.
Our data clearly show that both apigenin and tangeretin enhance dye transfer. The maximal stimulation is seen after 24 h treatment at 25 |iM and the enhancement of dye transfer is associated with an increase in the amount of connexin 43, determined by Western blot analysis and in situ immunofluorescence. Northern blot analysis reveals that, while tangeretin has no effect on the amount of connexin 43 mRNA, apigenin caused it to increase, either by a stimulation of connexin 43 transcription or by mRNA stabilization. The increase in connexin 43 caused by tangeretin could be due to translational or post-translational mechanisms. It has been demonstrated that, in different cell types, connexin 43 is synthesized as a single species and then converted to two species (connexin 43-P| and connexin 43-P2) by serine phosphorylation (35) . Although phosphorylation does not seem to affect the connexin 43 half-life, it could be involved in establishment and/or maintenance of gap junctional plaques (4) . In further experiments it will be interesting to study whether the stimulation of dye transfer by apigenin and tangeretin is related to a change of the phosphorylation state of connexin 43.
Secondly, apigenin and tangeretin enhance dye transfer in TPA-treated REL cells. It has been previously shown that quercetin counteracts TPA-and DDT-induced inhibition of metabolic cooperation (18) . A catechin gallate-containing green tea extract also prevents inhibition of dye transfer by various tumour promoters in liver cells (19) (20) (21) . Thus, flavonoids having different chemical structures antagonize the inhibitory action of different tumour promoters.
Hence, multiple mechanisms could explain the flavonoidinduced prevention of inhibition of GJIC by tumour promoters. In our study, the flavonoid-induced enhancement of GJIC without TPA takes 24 h, whereas the antagonistic effect against 10 ng/ml TPA is quicker (1 h), indicating that apigenin and tangeretin can act at different levels of gap junction regulation. Further studies are being carried out in our laboratory to elucidate the mechanisms by which the two compounds antagonize TPA action. In addition, the modulation of GJIC by flavonoids of different classes is being studied to analyse the structure-activity relationships in REL cells and other cell systems. In particular, we have modified REL cells by transfection of human c-fos cDNA (36) . These c-fos overexpressing transfectants, which are partly transformed, will be very helpful to study the mechanisms of action of potential anti-promoters.
Finally, we have identified two new GJIC stimulators. As shown for some retinoids and carotenoids (37) (38) (39) , apigenin and tangeretin stimulate GJIC by enhancing the amount of connexin 43. It remains to be determined whether they can up-regulate connexin 43 expression in a relevant whole animal model. It is now hypothesized that stimulation of GJIC at the early stages of tumour promotion could prevent the development of transformed cell foci (40) . Associated with the antiproliferative (41) and anti-invasive effects (42, 28) of tangeretin, the stimulation of GJIC could confer on this flavonoid wide protective properties during the post-initiation process. Also, enhancement of GJIC by apigenin in TPA-treated cells may be an important mechanism for the inhibition of tumour promotion (24) .
